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DESCRIPTION 



OPTICAL DEVICE 



Technical Field 

The present invention relates to an optical device and, 
more specifically, to YAG laser. 

Background Art 

In the related art, there are following references 
relating to the present invention. 

[1] : W. Koechner, Solid-State Laser Engineering (Springer- 
Verlag, Berlin, 1996), pp. 393-412. 

[2]: W.C.Scott and M.de Wit, "Birefringence compensation 
and TEMoo mode enhancement in a Nd:YAG laser," 
Appl.Phy S.Lett. 18, 3-4 (1971). 

[3] : K.Yasui, "Efficient and stable operation of a high- 
brightness cw 500-W Nd:YAG rod laser," Appl.Opt.35, 2566- 
2569 (1996) . 

[4] : W.A.Clarkson, N.S.Felgate, and D.C.Hanna, "Simple 
method for reducing the depolarization loss resulting from 
thermally induced birefringence in solid-state lasers," 
Opt. Lett. 24, 820-822 (1999). 

[5] : W. Koechner and D.K.Rice, "Effect of birefringence on 
the performance of linearly polarized YAG:Nd lasers," IEEE 
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J. Quantum Electron. QE-6, 557-566 (1970). 

[6]: W.Koechner and D.K.Rice, "Birefringence of YAG:Nd 
laser rods as a function of growth direction," 
J.Opt.Soc.Am. 61, 758-766 (1971). 

[7]: I.Shoji, Y.Sato, S.Kurimura, V.Lupei, T.Taira, 
A.Ikesue, and K.Yoshida, "Thermal birefringence in Nd:YAG 
ceramics," Trends in Optics and Photonics Vol.50, Advanced 
Solid-state Lasers, C.Marshall, ed. (Optical Society of 
America, Washington D.C., 2001), pp. 273-278. 

[8]: L.N.Soms, A.A.Tarasov, and V. V. Shashkin, "Problem of 
depolarization of linearly polarized light by a YAGiNd^"*" 
laser-active element under thermally induced birefringence 
conditions," Sov . J . Quantum Electron . 10, 350-351 (1980). 

[9]: V.Parfenov, V. Shashkin, and E.Stepanov, "Numerical 
investigation of thermally induced birefringence in optical 
elements of solid-state lasers," Appl.Opt.32, 5243-5255 
(1993) . 

When an attempt is made to develop high-power and high- 
beam-quality of solid-state laser, thermal birefringence 
generated in medium in association with pumping is a serious 
problem. In order to obtain a linearly polarized beam by 
compensating for depolarization generated by thermal 
birefringence (Ratio of polarized power generated in the 
perpendicular direction with respect to an initial linearly 
polarized beam; Dpoi = P-L/Pinitiai) , various devices have been 
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made in arrangement of a laser medium or combination with an 
optical device. 

The effect of thermal birefringence in solid-state 
laser material caused in association with pumping is a 
serious problem in achieving high-power and high-beam- 
quality of laser. It is because it may cause bifocusing or 
depolarization of the linearly polarized beam (See reference 
[1]) . 

These phenomena became a big hurdle in achieving high- 
power solid-state laser such as YAG. Until now, in order to 
compensate generated depolarization, several technologies 
using a 90** rotator or a quarter-wave plate have been 
proposed (See references [2]-[4]). Such compensation is 
applied only to (111) -cut YAG crystals. It is because 
birefringence of a (111) -plane is circularly symmetrical and 
because the YAG rod is grown in the direction along (111)- 
direction, and hence using the (111) -cut rod is convenient. 

In this manner, a rod grown in the (111) -direction has 
been used as the YAG crystal, which is a representative 
laser material in the related art. 

Disclosure of Invention 

However, as described above, since the direction of 
propagation of light is set to (111) -axis direction in the 
YAG laser in the related art, it was necessary to employ a 
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special form such as inserting an additional optical 
component in a resonator or employing of arrangement such as 
zigzag slab system in order to eliminate birefringence 
(thermal birefringence) generated by the photoelastic effect 
due to thermally induced deformation which may occur in 
association with pumping. 

In view of such circumstances, it is an object of the 
present invention to provide an optical device which can 
reduce thermal birefringence effect significantly. 

In order to achieve the above-described object; 

[1] In an optical device, it is characterized in that 
the direction of beam propagation is selected to be other 
than those of the (111) -axis direction of crystals belonging 
to equi-axis crystal system to reduce birefringence effects 
based on photoelastic effects caused by centrosymmetrically 
induced stresses • 

[2] In the optical device according to (1) , the 
direction of beam propagation is selected to (100) -direction 
of crystal. 

[3] In the optical device according to (1) , the 
direction of beam propagation is selected to (110) -direction 
of crystal . 

Brief Description of the Drawings 

Fig. 1 is a drawing showing a result of measuring 
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dependency of depolarization on direction of depolarization. 

Fig. 2 is a drawing showing a result of calculation of 
dependency of depolarization on an absorbed pump power 
according to the present invention. 

Fig. 3 is a drawing showing dependency of 
depolarization on the absorbed pump power on (111)-, (100)-, 
and (110) -planes calculated using the theories in references 
[5] and [6] . 

Fig. 4 is a drawing showing a relation between 9 and * 
on the (111)-, (100)-, and (110) -planes . 

N 

Fig. 5 is a drawing showing a result of calculation of 
£lr^/ro^ on each plane as a function of 

Fig. 6 shows accurate dependency of depolarization on 
the absorbed pump power on the (111)-, (100)-, and (110)- 
planes in the case of ra=ro. 

Fig. 7 is a drawing of low-absorption power area in Fig. 
6 enlarged in the horizontal direction. 

Fig. 8 is a drawing showing dependency of 
depolarization on the absorbed pump power based on the 
result of measurement on the (111)-, (100)-, and (110)- 
planes . 

Fig. 9 is a drawing showing dependency of 
depolarization on the absorbed pump power on the (111)-, 
(100)-, and (110) -planes in the case of ra=ro/4. 
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Best Mode for Carrying Out the Invention 

Embodiments of the present invention will be described 
below. 

In a first place, reduction of depolarization of 
thermally induced birefringence of a YAG crystal of (100)- 
cut showing a first embodiment of the present invention will 
be described. 

In cubic crystals including YAG, when the direction of 
beam propagation is perpendicular to a (111) -plane, thermal 
birefringence in the plane is constant irrespective of an 
angle as long as thermal distribution is axially symmetric. 

On the other hand, it depends on angle on the planes 
other than the (111) -plane. 

Fig. 1 is a drawing showing a result of measuring 
dependency of depolarization on the direction of 
polarization as described above. In this drawing, the 
lateral axis represents the angle of polarization 9p 
(degrees) , and the vertical axis represents depolarization 
Dpoi. Fig. 2 shows a result of calculation of dependency of. 
depolarization on an absorbed pump power according to the 
present invention, in which the lateral axis represents an 
absorbed pump power Pab(W) , and the vertical axis represents 
depolarization Dpoi. 

In the past time, Koechner and Rice claimed that 
depolarization can be reduced to the level lower than that 
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on the (111) -plane by selecting an adequate direction of 
plane and direction of polarization when the absorbed pump 
power is small, but little of no difference depending on the 
direction of plane exists when the absorbed pump power 
exceeds a certain value (See a dotted line in Fig. 2) . 
Their theory was based on an assumption that birefringence 
occurs in a plane of axial symmetry between a radius vector 
and a tangential direction irrespective of the direction of 
the plane. However, it was found that it was correct, in 
fact, only for the (111) -plane, and the axis of 
birefringence does not coincide with the radius vector and 
the tangential direction for other planes, and the extent of 
displacement depends on the angle. 

The present inventors made an attempt to calculate 
dependency of depolarization on the absorbed pump power 
again considering the above described effects, it was found 
that depolarization can be reduced for a linearly polarized 
beam forming an angle of 45** with respect to the crystal 
axis in a (100) -plane to a half level of the linearly 
polarized beam in the (111) -plane irrespective of the 
magnitude of absorbed pump power (See a solid line in Fig. 
2) . 

Subsequently, a second embodiment of the present 
invention will be described. 

Here, reduction of depolarization of thermally induced 
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birefringence of a YAG crystal of (110) -cut will be 
described. 

Depolarization is defined as a ratio of depolarized 
power with respect to an initial linearly polarized laser 
beam, and is expressed by an expression shown below. 



The total amount of depolarization D at each point (r, 
*) in a plane perpendicular to the direction of beam 
propagation (z-axis) in the cylindrical rod is expressed by 
the following expression: 

D=sin2[2(G-Y) ]sin2(\|f/2) (2) 

Here, 9 represents the angle between the x-axis and one 
of the birefringence eigenvectors (the principal axes of 
index ellipse in the xy-plane) , and y represents the angle 
between the x-axis and the direction of initial polarization. 
The phase difference \|f is given by thermally induced 
birefringence An and is expressed as: 

\|f=(27C/X) AnL; An=QS (r^/ro^) ; 

S=[ai/(l-v)] (TihPab/167ncL) (3) 

respectively. In case of a uniform pumping, X represents 
the laser wavelength, SI represents the birefringence 
parameter given by the photoelastic coefficient, ro 
represents the rod radius, tti represents the linear 
expansion coefficient, V represents the Poisson ratio, Tjh 
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represents fractional thermal loading out of pump power, Pab 
represents the absorbed pump power, K represents the thermal 
conductively , and L represents the rod length. 

Koechner and Rice analyzed thermally induced 
birefringence in Nd:YAG rods with various directions (See 
references [5] and [6]), and concluded that the amount of 
depolarization at the limit of high absorption power area is 
independent of rod directions, as shown in Fig. 3. However, 
there were two mistakes in their theory. One is that they 
took 9=4> in any plane, which is true only for the (111)- 
plane. It is because the correct relations between 9 and 4> 
for the (111)-, (100)-, and (110) -planes are given by: 

tan2e=tan (2<I^) .... (4a) 

tan2e=[2p44/ (P11-P12) ] tan(24>) (4b) 

tan2e= [ 8p44tan (24>) ] / 

{3 (P11-P12) +2p44- (Pii-Pi2-2p44) 

[2- (roVr^) ] [1/cos (2*) ] } 4(c) 

In this equation, Pnm represents the photoelastic 
coefficient tensor and dependency of 9 on <I> on the (100)- 
plane is shown by a long-dotted line in Fig. 4. Dependency 
on the (110) -plane varies with the value of r and is shown 
by a dotted line in Fig. 4. The other mistake is the values 
of £1 on the respective planes. In the references [5] and 
[6] , the value of Q is fixed to r=ro in the equation (3) 
shown above, and redefined. The correct values of £1 on the 
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(111)-, (100)-, and (110) -planes are respectively given by: 

n={l/3)no^ (1+V) (Pii-pi2+4p44) (5a) 

n=no^ (1+v) [ (P11-P12) ^cos^ (2<I>) + 

4p44^sin2(2*) (5b) 

a=no^(l+V) [ (1/16) { [3(pii-pi2)+2p44] 

cos (24>) - (Pii-pi2-2p44) [2- (roVr^) ] }^ 

+4p44^sin2(2<I>) ]^^^ 5(c) 

Even when it is redefined, the value of £1 does not vary on 
the (111)- and (100) -planes . However, the value of ft 
depends on r on the (110) -plane, the correct value cannot be 
obtained. 

Fig, 5 shows a calculated value of ftr^/ro^ on the 
respective planes as a function of On the (111)- and 

(100) -planes , only the sizes change and the shapes are kept 
unchanged (the shapes are similar) when the value of r 
changes. On the other hand, not only the size but also the 
shape itself changes for the (110) -plane. 

Fig. 6 shows a correct dependency of depolarization on 
the absorbed pump power when the radius ra of the laser beam 
is equal to the rod radius ro. An enlarged drawing of the 
low-absorption power area in Fig. 6 is shown as Fig. 7. 

Depolarization depends on the directions of planes and 
polarization even at high-absorption power area, and when 
ra=ro, it becomes smallest when polarization is 45" in the 
(lOO)-plane out of the (111)-, (100), and (110) -planes , the 



amount for which is half that for the (111) -plane at high- 
absorption power area and 1/6 at low-absorption power area. 
It is proved that the calculation made by the inventors was 
correct by conducting an experiment using the pumping-probe 
measurement shown in the reference [7] . 

In the experiment, the value was evaluated by end 
pumping, and hence the absolute values are different. 
However, the relative values of data of the experiment shown 
in Fig. 8 substantially coincide with a theoretical curve 
shown in Fig. 7, and do not coincide with the curves shown 
in the references [5] and [6] . 

Although one of the two mistakes in the theories in 
references [5] and [6] stating that 0 does not coincide with 
4> for plane other than (111) was previously pointed out, 
dependency of depolarization was calculated correctly only 
for the (lOO)-plane (See references [8] and [9]). However, 
the present inventors found that depolarization can be 
reduced significantly by using a (110) -cut rod under the 
condition that ra is smaller than ro. 

As shown in Fig. 4, when r is as large as ror 6 is close 
to <I>. In other words, the eigenvectors are directed nearly 
to the radial and the tangential direction at the respective 
points . 

On the other hand, when r is small, 0 at any <1> is close 
to O*' or 90**. This means that all eigenvectors are linearly 
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aligned in the x-axis and y-axis directions. With this 
feature, when the direction of polarization is close to the 
x-axis or y-axis direction, a beam with smaller radius than 
the rod radius can be propagated through the rod almost 
undepolarized . 

Fig. 9 shows an example of dependency of depolarization 
on the absorbed pump power when ra=ro/4. Although the amount 
of depolarization in the (100) -plane is only half that for 
the (111) -plane. An itself is reduced to about 1/50 of that 
for the (111) -plane, even though the (110) -plane is larger 
than the (111) -plane. Such a condition may be realized by 
controlling the beam size by an aperture (opening) in case 
of a uniform pumping. 

On the other hand, in case of end pumping, since the 
focused pump beam itself plays a role as a gain aperture, 
this condition can be satisfied easily. The same condition 
can also be realized with composite material such as that 
composite material in which doped YAG is surrounded by 
undoped YAG. 

As a conclusion, mistakes in reports in references [5] 
and [6] were proved not only from theory, but also from the 
experiment, and it was found that depolarization can be 
essentially reduced by using the (100)- and (110) -planes . 
In particular, by using the (110) -cut crystal combined with 
a beam of small radius, depolarization can be reduced by 
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more than one order smaller than the case where a (111) -cut 
crystal is used. 

In this arrangement, depolarization by thermal 
birefringence effect in Y3AI5O12 laser may be reduced 
essentially by the use of the rod cut in the directions 
other than the (111) without compensation. By using the 

(110) -cut crystal, depolarization can be reduced to the 
value 1/10 or below in comparison with the case in which the 

(111) -cut crystal in the related art is used. 

In the aforementioned embodiment, the YAG laser has 
been described as an example- However, it is not limited to 
the YAG laser, but may be applied to the optical device 
using other crystals in equi-axis crystal system, and 
depolarization of those optical devices may also be reduced. 

The present invention is not limited to the 
aforementioned embodiments, and various modifications may be 
applied based on the scope of the present invention, and is 
not excluded from the scope of the invention. 

As described above in details, according to the present 
invention, the following effects are achieved. 

(A) The thermal birefringence effect may be reduced 
only by selecting the direction other than the (111) -axis 
direction as the direction of beam propagation. 

(B) The thermal birefringence effect may be 
significantly reduced by using a sample of (100)- or (110)- 
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cut . 

(C) Depolarization can be reduced by more than one / 
order especially using the (110) -cut medium without 
compensation in comparison with the case in which the (111)- 
cut medium is used, 

Industrial Applicability 

The optical device according to the present invention 
can reduce the thermal birefringence effect significantly by 
selecting the (110) -direction of the crystal as the 
direction of beam propagation, and is suitable for a solid- 
state laser which can solve a thermal problem. 



